e present work is devoted to the exploration antioxidant and antiradical activity of twenty anthraquinones isolated from the Cameroonian flora at B3LYP/6-311++G(d,p) level of theory using the B3LYP/6-31 + G(d,p) geometrical data as geometry optimization starting points. e single electron transfer mechanism has been adopted to examine both biological activities. e classification of the antiradical profile to integrate the electrodonating power (ω − ), electroaccepting power (ω + ), donor index (R d ) and acceptor index (R a ) has been performed using the donor-acceptor map (DAM). e antioxidant and radical powers of compounds analyzed have been compared to that of two classical vitamins (vitamin C and gallic acid). e stability of each anthraquinone derivative of the molecular library has been developed according to thermodynamic and kinetic concepts. e global reactivity descriptors (GRDs; electrophilicity index (ω), electronegativity (χ), global softness (S), and global hardness (η)) have been used to analyze the reactivity. e topological analysis of optimized structures indicates that the strength of the hydrogen bonds formed is situated between 44.205 and 52.001 kJ/mol. Our B3LYP results reveal that 3-methoxy-1-vismiaquinone (in a configuration without hydrogen bond) exhibits the best antioxidant capacity in gas phase. A comparison between antioxidant performance of molecules examined and that of classical vitamins (gallic acid, caffeic acid, ferulic acid, and ascorbic acid (vitamin C)) displayed the fact that the single electron transfer (SET) mechanism is more prominent for compounds of the molecular library analyzed. In the same vein, the antiradical behaviors of anthraquinone derivatives have shown to be higher than that of gallic acid and vitamin C in gas phase and water. e 5,8-dihydroxy-2-methylantraquinone structure in a configuration bearing one hydrogen bond has been found to be the best antiradical of the series in aqueous solution.
Introduction
Lipids are significant function component role in food through their influence of texture cooking and that of waterholding capacity (WHC). However, the flavor color, texture, and nutritional value of food are frequently diminished as the result of lipid deterioration during storage [1] . e oxidation of food lipid, known as oxidative rancidity, is one of the major deteriorative and quality affecting reactions [2] . Oxidative rancidity is initiated by oxygen free radicals (as reactive oxygen species (ROS)) that result from the food sourness, the rootedness oil, and most of industrial product aging. e main free radicals are superoxide radicals (SOR), hydroxyl radical (OHR), alkoxyl radical (AR), peroxyl radical (PR) and nitric oxide radical (NOR) [2] . Butylated hydroxytoluene (BHT) and butylated hydroxyanisole (BHA) are extensively used as antioxidants in order to reduce the harm caused by free radicals. However, these antioxidants will be unfavorable to be used in the fields of foods and health products because they would induce toxicity in animal body at longtime [3] . An excess of free radicals provokes oxidation stress due to an imbalance between production of ROS and antioxidant defenses [4] . is oxidation stress leads to the damage of cellular proteins, membrane lipids, and nucleic acids. is process has been implicated in the pathogenesis of various diseases, including coronary heart diseases and some forms of cancer [5] like Alzheimer's disease, Parkinson's disease, and schizophrenia.
Due to the toxicity of these classical synthetic antioxidants (BHT and BHA), many attempts to block this oxidative stress using natural food plants have been reported to make free radicals for destruction. For instance, many authors have shown the ability of flavonoids to trap the radicals through the hydrogen transfer process: the reduction potentials of some amino-9,10-anthraquinone derivatives using computational electrochemistry method [6] performed by Shamsipur et al. can be cited. Furthermore, an extensive study of the hormonal activity of sesquiterpene isolated from Ferula hermonis and the high marketability of the dietary herbal products containing Ferula hermonis extract claiming a sexual function enhancement effect have been published [7, 8] . In the same vein, anthraquinone derivatives isolated from root of madder plant (Rubia tinctorum L) have displayed an exceptional antioxidant activity that explained their capacity to protect foods against the oxidative damage [9] . Formerly, Malterud et al. have studied the correlation between the in vitro radical scavenging activity of anthraquinones and the antioxidant capacity in hepatocytes [10] . ese authors have shown that aloe-emodin (IC 50 65 ± 3 µmol/l) presented the highest antioxidant capacity of the series of seven anthraquinone derivatives analyzed (alizarin, chrysophanol, danthron, etc.). Ozbakir Işin has observed a striking similarity between experimental antioxidant activity of these molecules and theoretical data obtained from quantum chemistry approach [11] . e impact of the geometrical structure of hydroxyanthraquinone on the antioxidant mechanisms has been experimentally illustrated by Markovic et al. [12] . Investigations of quantitative tools to estimate antiradical activity and its mechanisms through a combination of an experimental assessment and a computational prediction of delphinidin (Dp), pelargonidin (Pg), and malvin (Mv) have put the emphasis on the energy requirements for reactions involved [13] .
e survey of the literature demonstrates that the experimental or theoretical examination of antiradical or antioxidant activities of anthraquinone derivatives is limited on restricted series of molecules without any specific comparison of these activities to those of classical vitamins (vitamin C, vitamin E, gallic acid, etc). e aim of the present study is to predict the antiradical activity of twenty anthraquinones isolated from Cameroonian flora through computational approaches based on the two electron transfer mechanisms:
From thermodynamic energy of reactions (1)- (2), the global descriptive parameters such as electrophilicity index (ω), electronegativity (χ), global softness (S), and global hardness (η) have also been calculated. e donor-acceptor map (DAM) has also been built.
Computational Details
e geometry optimizations of anthraquinones have been initially performed at B3LYP/6-31 + G(d,p) level of theory in gas phase and water using the Gaussian 09 software [14] . e reoptimization of each B3LYP/6-31 + G(d,p) optimized structure obtained has been done at B3LYP/6-311++G(d,p) level in gas phase and water. For each molecule, geometry optimization was followed by the vibrational frequency calculations. e solvent effects were taking into account using Integral Formalism of Polarized Continuum Model (IEF-PCM).
e quantum mechanics atom in molecule (QMAIM) theory was then performed using B3LYP/6-311++G(d,p) wavefunction to investigate the bonding properties of optimized structures. e bonding properties and the analysis of bond critical points are specified through the investigation of chemical bonding topology. is QMAIM investigation using the Multiwfn program [15] was done to analyze the nature and the strength of hydrogen bond interactions in optimized structures. e indicators of bonding interactions are electron densities ρ(r) and its Laplacian ∇ 2 ρ(r) evaluated at bond critical points (CP). e total number of these CPs obtained is in accordance with the Poincare-Hopf rule [16] . e density of the total energy of electrons (H) defined as the sum of the Lagrangian kinetic electron density (G) and the potential electron density (V) at bond critical points (BCPs) was estimated:
where G BCP and V BCP are, respectively, defined as follows:
e interatomic interaction energy denoted E int in isolated ligands and in complexes was predicted by Espinosa approach [17] :
e ionization potential (IP(I)) and electron affinity (EA (A)) were descriptors which was calculated as the energy change of the single electron transfer (SET) mechanisms (1) and (2), respectively (reaction (1) in equation (6)) and (reaction (2) in equation (7)): energy difference between the product system and the reactant system is defined as proposed by Borges et al. [18, 19] .
where RXH, RXH ·+ , and RXH ·− represent neutral molecules, cationic radicals, and anionic radicals, respectively. ese two terms I and A are useful to define the measurement of global reactivity descriptors ((electronegativity (χ), global hardness (η), global softness (S), and electrophilicity index (ω)) according to Geerlings et al. [20] :
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ese two terms have also been used to evaluate the electrodonating (ω − ) and electroaccepting (ω + ) power as formulated by Gázquez et al. [21] :
From the calculation of the donor (R d ) and acceptor (R a ) index developed by Martinez et al. [22] (equations (10) and (11)), the authors have built a donor-acceptor map (DAM; Figure 1 ):
where ω − RXH and ω − Na are, respectively, the electrodonating power of colorotane sesquiterpenes (RXH) and Na atom, whereas ω + RXH and ω + F refer, respectively, to electroaccepting power of colorotane sesquiterpenes (RXH) and F atom.
Results and Discussion

Geometrical and Topological Properties.
We have formulated the molecular system ( Figure 2 ) and divided it into three fragments: benzene cycles α (on the left), β (on the centre), and c (on the right). e subscripts associated with the adopted name of molecular structures inserted in Figure 2 have been developed according to the following principle: subscripts (0) when the structure does not possess any hydrogen bond; subscripts (1) when one hydrogen bond is formed between hydrogen atom of hydroxyl group of benzene cycle (α) and ketone carried by benzene cycle (β); subscripts (11) when one hydrogen bond is formed between hydrogen atom of hydroxyl group of benzene cycle (c) and ketone of benzene cycle (c); and subscripts (2) when the hypothesis of formation of two hydrogen bonds is considered. In the whole, the hydrogen atom of O 6 -H hydroxyl of E 0 conformer is the most labile. is is due to the fact that this hydroxyl group is near to the substituent connected to C 4 atom containing two C�C double bonds and one sp 2 oxygen atom. Independently of the initial geometries adopted, the geometrical optimization of the molecule A yields a structure in which two hydrogen bonds: first one between an oxygen atom of the aldehyde group (CHO) and the hydrogen atom of the hydroxyl group connected to the C 3 atom (C 3 -O-H. . .O: 1.580Å and 142.2°) and the second one between an hydrogen atom of the aldehyde group (CHO) and the oxygen atom of the C 1 �O ketone (C�O. . .H-C: 2.060Å and 123.6°). e methyl group joined to C 5 -O bond is orientated toward the C 6 -H bond. Table 1 clearly specifies the fact that the number of hydrogen bonds formed is a stability factor of the molecules analyzed. Figures 3 and 4 better highlight the fact that such contribution is proportional to the number of hydrogen bonds formed. Figure 3 also exhibits the fact that the substitution of the hydrogen atom of the hydroxyl group connected to C 4 atom of the anthraquinone cycle of (F 0 ) by an aliphatic substituent (E 0 ) influences sensitively the O 6 -H bond distance. e induced impact of this substitution on the antioxidant power has been developed elsewhere. e diminution of large gaps observed between the O 10 -H and O 6 -H bond distances for configurations without hydrogen bond (F 0 , E 0 , and D 0 ) in gas phase is noticeable when passing from Table 2 . Collectively, we conclude that these two hydrogen bond interactions are partially covalent due to the fact that 0.5<-G(r)/v(r)<1. A close introspection of our results indicates that the electron density values for O 6 -H. . .O 2 hydrogen bond interaction are larger than that of O 10 -H. . .O 2 homologues. is gives the information that the former ones are stronger than the later.
is may be related to the fact that O 6 -H. . .O 2 hydrogen bond interaction is close to substitution site. e contrary observation obtained for F 2 may be related to the slight weight of the methyl substituent. is enlightens the fact that the chain effect of the substituent has a sensitive influence on the nature of hydrogen bond interactions. For J 2 and L 2 , the dissimilar facts obtained are due to the hydrogen bond located at two opposite of anthraquinone ring around each C=O ketone group. Such localizations are obviously different from consecutive localization observed for other compounds of our molecular library.
Stability and Reactivity.
e total energies, relative energies, and dipole moment calculated at B3LYP/6-311++G(d,p) level in gas phase and water are presented in Table 3 . From this table, the influence of the conformation preferences of each compound in these media is visible. In general, the geometry preferences are dominated by the number of hydrogen bond formed. For each case, the preferential configuration is bearing the two hydrogen Figure 2: Numbering system used to designate atom of the anthraquinone system of the molecular library examined. hydrogen bond. e difference in total energy between X 11 structure and X 1 one is equal to 0.129 and 0.055 eV, respectively, for D and G compounds in gas phase. e drop in total energy is observed when passing to gas phase to water. e average difference is equal to 1.615 eV. A sensitive increase of dipole moment is also observed when passing to gas phase and water due to greater dielectric constant of this latter (ε � 78.4).
is discloses the influence of the solvent's polarity on the weakening of the O 6 -H and O 10 -H bond strength and therefore on an augmentation of antioxidant power. Although B3LYP is not parameterized for HOMO and LUMO eigenvalues, the examination of the concept of stability from a kinetic point of view is done using the HOMO-LUMO energy gap as descriptor. is quantity that is always positive can also be written as the difference between I and A. It is important to mention that high kinetic stability is related to low reactivity and large HOMO-LUMO energy gap. e HOMO-LUMO gap values range from 2.880 to 3.788 eV (Table 3 ). e highest value is obtained for G 0 configuration. e difference in this band gap between G 0 configuration and the configuration of G with one hydrogen bond (G 1 or G 11 ) is, respectively, equal to 0.347 and 0.490 eV. In the case of the formation of two hydrogen bonds (G 2 ), this gap difference becomes equal to 0.06 eV.
ese facts in good agreement with other procedures using thermodynamic constraint to examine the stability demonstrate that the preferential configuration adopted is also influenced by their orientation. e lowest value of this band gap (2.880 eV) is yielded for conformation B 1 elected to be the least stable of the molecular library adopted. is may result from the fact that the orientation of the hydrogen bond formed (O 10 -H. . .O 2 ) intensifies the electrostatic repulsion between the electron doublet of O 6 oxygen atom and the C�C double bond (of the R 7 substituent) closer to this latter. e diminution of the band gap values observed in water (Table 3) displays the strong solute-solvent interaction that diminishes the stability.
e global reactivity descriptors (GRDs; electrophilicity index (ω); electronegativity (χ), global softness (S), and global hardness (η)) calculated for each anthraquinone derivative of our molecular library are shown in Table 4 . e latter descriptor is related to measurement of the resistance to electron cloud polarization provoked by small perturbation from chemical reactions [20] . e highest η value in various media observed (1.864 and 1.810 eV, respectively, in gas phase and water) for G 0 conformation of G (Table 4) indicates that this configuration is kinetically the most stable. For the examined structures, G 2 , O 0 , and C 2 are shown as the most reactive molecular system due to their relatively low hardness value of 0.394, 1.238, and 1.591 eV, respectively. Furthermore, the global electrophilicity that characterizes the capacity of a system to gain an electron is an additive parameter to predict the chemical reactivity of compound. It also gives an indication on the deterioration of the binding energy due to a maximum electron flow between a donor and an acceptor [24] . In terms of electrophilicity, the most reactive compound is found to be G 1 (6.803 eV), whereas the lowest value matches up with B O (6.131 eV) in gas phase. In water, a minor augmentation of molecular χ indices is observed compared to that calculated in gas phase, while a diminution of η indices is observed. is influence of the solvent on hardness values of neutral molecules has been previously computed by De Proft and Geerlings [25] . Additionally, Parr et al. 
Antioxidant Properties.
e examination of antioxidant power of compound is done from the calculated single electron transfer enthalpies (in the environments adopted) and inserted in Table 4 . Among the studied compounds, B 0 configuration is displayed as the most antioxidant compounds due to its relatively lowest IP value (5.816 eV). e extension of the conjugation of the system by the 3-methylbut-1-ene substituent at position 5 in the anthraquinone ring may be the plausible explanation.
is is in good agreement with previous work on the resonance effect on scavenging capacity [26] . e 0.567 eV augmentation in IP value resulted from the shift of the C�C double bond far from the anthraquinone ring that provokes the decay of this external conjugation (G 0 ) confirms the influence on such extension on antioxidant power. In G 0 conformation, the double substitution of the methoxy group close to the unsaturated substituent by a hydrogen atom in one hand and that of the methyl group connected to C 12 carbon atom by hydrogen atom in other hand induces a minor 0.057 eV increase in IP (C 0 ). e decrease of IPs related to a double suppression enlightens the enhancement of the antioxidant potential due to an insertion of an electron donor substituent in an organic system. is finding has already been underlined through the assessment of the radical scavenging activity of juglone and its derivatives done by Jin [27] . e 0.299 eV drop in IP obtained after a replacement of the hydrogen atom attached to C 5 carbon atom of F 0 by a great aliphatic substituent (D 0 ) exhibits the influence of the steric hindrance on the antioxidant activity observed during the study of Schiff base ligands and their copper (II) complexes [28] . A 0.363 eV similar decrease in IP (E 0 ) has been yielded by substituting the hydrogen atom of hydroxide group bound to C 4 carbon atom of (F 0 ) by this same aliphatic substituent. A noticeable variation of IPs is observed when moving to one configuration of a compound to another. In the case of D structure, the gas phase IP values for D configurations increase in the order:
Our B3LYP results are then in good agreement with the kinetic and thermodynamic experimental study of the influence of intramolecular hydrogen bond on the antioxidant activity of o-bisphenols (2,2′-methylenebis(6-tertbutyl-4-methylphenol), 2,2′-ethylidenebis(4,6-di-tert-butylphenol), and 4,4′-methylenebis(2,6-di-tert-butylphenol)) [29] .
e comparison of the IPs calculated to those of classical phenolic acids [30] (8.218, 7 .907, and 7.699 eV yielded, respectively, for gallic acid, caffeic acid, and ferulic acid at the B3LYP/6-311++G(d,p) level) indicates that the SET mechanism is more prominent for compounds of the molecular library analyzed. e survey of the literature shows that IP values obtained for the ascorbic acid [31] at B3LYP/6-311++G(2d,2p) level of theory are equal to 8.331 eV in gas phase. Despite the basis set effect, the ET mechanism is also more prominent in anthraquinone derivatives than in ascorbic acid. e IPs in water are lower than those obtained in gas phase. e average difference in IP equal to 0.114 eV in comparison with those obtained in gas phase is attributed to the great sensibility of cation radicals to the polarity of water. ) index. e values of electron affinity calculated for anthraquinone derivatives are significantly greater than those of vitamin C (1.062 eV) and gallic acid (1.578 eV) with exception of N 0 (0.099 eV). is indicates that this latter one is the unique good electroacceptor in gas phase. But all the compounds studied have shown to be bad electron acceptor in water. It is noteworthy that lower electrodonating power (ω − ) means good capacity to donate an electron, whereas higher electroaccepting power (ω + ) denotes good capacity to accept an electron. On Figures 5 and 6 , donor-acceptor map (DAM) for R d and R a values of examined compounds are, respectively, shown for gas phase and water. It is shown that R d > 1 in gas phase demonstrating that all the compounds studied are poorer donors than Na. is fact is observed in aqueous solution only for six of them (A 11 , A 1 , C 0 , C 1 , C 2 , and B 1 ). Exception made for C 2 , all the anthraquinone derivatives examined are poorer acceptors than (F) in gas phase due to R a < 1. Similar results are yielded in water with exception for J 1 (1.013 eV). Figure 5 illustrates higher antiradical behavior as electron donor with respect to the electron capacity of vitamin C in gas phase. Identical facts have been observed for gallic acid with exception for four compounds (A 1 , H 1 , R 0 , and R 1 ) in this environment. In water, the majority of anthraquinone derivatives have displayed a better result as electron donor compared to the electron donor capacity of these two classical vitamins with exception of few of them (A 11 , A 1 , C 0 , C 1 , C 2 , and B 1 ). A close introspection of Table 5 1.8
Antiradical Properties.
Water Figure 6 : Donor-acceptor maps of anthraquinone derivatives, vitamin C, and gallic acid in water. e electron donor capacity of D 0 was compared to that of G 0 , where the 3-methylbut-2-ene substituent at position 5 of anthraquinone system of the configuration G and the methoxy group connected to C 4 carbon atom are, respectively, replaced by 3,7-dimethyloct-2,6-diene substituent and the hydroxyl group. ose substitutions display a 0.0088 increase in R d which signifies that the antiradical activity for G 0 is worst.
is can be attributed to the steric hindrance. Figure 6 exhibits the fact that the solvation increases the R a values of different anthraquinone derivatives examined. is therefore promotes the antiradical performance as good electron acceptor of the majority of compound analyzed compared to that of gallic acid and vitamin C with exception of the six molecules above mentioned (A 11 , A 1 , C 0 , C 1 , C 2 , and B 1 ). Our B3LYP calculations predict that J 1 (R a � 1.013 and R d � 0.0624) is the best antiradical profile in water.
Conclusion
e geometrical optimizations of twenty anthraquinones extracted from the isolated from the Cameroonian flora have been performed at B3LYP/6-311++G(d,p) level of theory in gas phase and aqueous solutions. e topological analysis of optimized structures characterized by the formation of hydrogen bonds has been examined using the QTAIM (quantum theory of atom in the molecule) analysis. ese hydrogen bond interactions are partially covalent because of the fact that 0.5<-G(r)/v(r)<1. In addition, the nature of these interactions has shown to be influenced by the chain effect of the substituent.
e stability of the molecular system has been developed in thermodynamic and kinetic points of view. In the first point of view, the total energy has been adopted as descriptor.
e configuration preferences dominated by the number of hydrogen bonds is very visible. e great augmentation of dipole moment provoked by the change of the environment is related to greater dielectric constant of water (ε � 78.4). In the second point of view, the HOMO-LUMO energy gap has been used as descriptor in the first stage. e 1,8-dihydroxy-2-(3-methylbut-1-en)-3-methoxy-6-methylanthraquinone(B 0 ) in the configuration bearing one hydrogen bond is the less stable due to its lowest value of HOMO-LUMO energy gap (2.880 eV). e 0.358 eV difference in HOMO-LUMO energy gap between this configuration and that without hydrogen bond confirms the sensitive contribution of hydrogen bond on the stability. e aqueous solvation leads to the diminution of the band gap values that traduce the diminution of the stability. e highest η value in various media observed (1.864 and 1.810 eV, respectively, in gas phase and water) for the 1,8-dihydroxy-2-(3-methylbut-2-en)-3-methoxy-6-methyl-anthraquinone (G 0 ) without hydrogen bond indicates that this configuration is kinetically the most stable. is confirms the result obtained by both thermodynamic approaches. is confirmation observed for G 0 elected using highest HOMO-LUMO energy gap criteria and that (G 0 ) selected from highest η value exigence shows that the discontinuity problems claimed by Geerlings et al. [20] are due to the lack of an integration of kinetic energy, exchange, and correlation parts into the classical Coulombic fragment in the Hohenberg-Kohn universal density functional.
Our B3LYP results demonstrate that the 1,8-dihydroxy-2-(3-methylbut-1-en)-3-methoxy-6-methyl-anthraquinone(B 0 ) is the most antioxidant compounds due to its relatively lowest IP value (5.816 eV) in gas phase. e SET mechanism is more prominent for compounds of the molecular library analyzed than for classical phenolic acids (gallic acid, caffeic acid, and ferulic acid at the B3LYP/6-311++G(d,p) level) and ascorbic acid. In the same vein, the compounds examined have shown to be higher antiradical behavior as electron donor with respect to the electron capacity of vitamin C and gallic acid in gas phase with exception for four compounds A 1 (4-(carbonyl)-3-hydroxy-1-methoxy-anthraquinone), H 1 (1,3,5-trihydroxy-3-methoxycarbonylanthraquinone), R 0 , and R 1 (7-(carboxyl)-(3,6)-dimethoxy-8-methyl-1-hydroxyanthraquinone)) in the latter case. In water, 5,8-dihydroxy-3-methylanthraquinone structure with one hydrogen bond (J 1 : R a � 1.013 and R d � 0.0624) has been predicted as the best antiradical compound.
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